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A sufficient condition for the Kolmogorov 4/5 law for stationary
martingale solutions to the 3D Navier-Stokes equations

Jacob Bedrossian, Michele Coti Zelati, Samuel Punshon-Smith, and Franziska Weber

ABSTRACT. We prove that statistically stationary martingale solutions of the 3D Navier-Stokes
equations on T® subjected to white-in-time (colored-in-space) forcing satisfy the Kolmogorov 4/5
law (in an averaged sense and over a suitable inertial range) using only the assumption that the
kinetic energy is o(v ') as v — 0 (where v is the inverse Reynolds number). This plays the role of
a weak anomalous dissipation. No energy balance or additional regularity is assumed (aside from
that satisfied by all martingale solutions from the energy inequality). If the force is statistically
homogeneous, then any homogeneous martingale solution satisfies the spherically averaged 4/5 law
pointwise in space. An additional hypothesis of approximate isotropy in the inertial range gives the
traditional version of the Kolmogorov law. We demonstrate a necessary condition by proving that
energy balance and an additional quantitative regularity estimate as v — 0 imply that the 4/5 law
(or any similar scaling law) cannot hold.

1. Introduction
In this article, we consider the stochastically forced Navier-Stokes equations on T?

Oru+u-Vu+ Vp — vAu = W,

. (NSE)
divu = 0,

describing the motion of a viscous, incompressible fluid on a periodic domain. The forcing is
assumed to be a mean zero, white-in-time and colored-in-space Gaussian process, that can be
represented by

oW (t,x) =Y oper(x)dBi(t), (1.1)
k=1

where {0 (t)} are independent one-dimensional Brownian motions, {e;} are orthonormal eigen-
functions of the Stokes operator on T3, and {0} are fixed constants satisfying a coloring condition

1 [ee]
€= Ekz_:l|ak|2 < 00.

The parameter v > 0 plays the role of the inverse Reynolds number while the quantity ¢ plays
the role of the mean energy input by the noise. It is important to note that we do not assume
any dependence of v on g, that is, the energy input is independent of Reynolds number. We are
primarily interested in a special class of solutions to (NSEI), called (weak) stationary martingale
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solutions, whose existence was proved in [24], in connection with scaling laws in turbulence theory.
Martingale solutions are the, probabilistically weak, stochastic counterpart of Leray-Hopf solutions
in the deterministic setting, and stationary refers to the property that the paths u(- 4+ 7) and ()
coincide in law for each 7 > 0. It is worth noting here that stationary martingale solutions satisfy
the energy inequality

Ev|Vul?, <e. (1.2)

The theory of turbulence, put forward in the 1930s and 1940s by Taylor, Richardson, Kol-
mogorov and others (see [27] and the references therein), revolutionized classical physics and has
been widely influential in fluid mechanics, atmospheric and ocean sciences, and plasma physics.
In the sequence of papers [35H37], usually referred to as K41, Kolmogorov took essentially three
basic axioms about the fluid flow and formally derived several predictions about the statistics of
solutions. One of the axioms he assumed is not supported by experimental studies, which results
in deviations from some of the predictions of the classical theory due to what is now commonly
referred to as intermittency; see e.g. [21,127,128[34,[38 46,47, 50] and the references therein. In
particular, real flows are observed to lack statistical self-similarity. Intermittency is also connected
to the rare events/large deviations from the average behavior. Nevertheless, the Kolmogorov 4/5
law, which we describe below, is independent of the problematic axiom and matches very well with
experiments. In fact, it is regarded as an ‘exact’ law of turbulence by the physics community.

Despite its overwhelming influence in physics and engineering, relatively little of turbulence
theory has been put on mathematically rigorous foundations. The idea that many of the basics
of turbulence theory could be refined and made mathematically rigorous by studying (NSE]) in
the vanishing viscosity limit ¥ — 0 is an old one. Probability is the most natural framework:
turbulent experiments are not repeatable so one can only hope to build theories to predict statistics.
The statistically stationary viewpoint was taken in K41, and the idealized case of z € T? seems
natural as the starting point. Moreover, there exists a far greater range of mathematical tools for
understanding the generic behavior of stochastic processes rather than deterministic ones, especially
in the presence of white-in-time forcing. In the context of fluid dynamics, the most striking examples
of this are the infinite-dimensional ergodicity and related results; see for example [12[294311[39].
Normally, studying the incompressible Euler equations, when v = 0, is more tractable than the limit
v — 0. However, given recent results on ‘wild” solutions to the Euler equations [6LI3|15H17[32133],
these equations might not have an intrinsic selection principle for solutions obtained as limits of
suitable martingale solutions. One might expect that an inviscid limit holds, e.g., that statistically
stationary solutions to the Navier-Stokes equations converge in the vanishing viscosity limit to
dissipative statistically stationary solutions of the Euler equations. Nonetheless, deducing the
required compactness would require us first to understand much better the v > 0 behavior (see
[19] for discussions on what compactness is required in the deterministic setting and [26] for an
example of a shell model in which such results are attainable).

1.1. The 4/5 law. Assuming that the flow is isotropic, statistically stationary in space and
time, and satisfies a suitable anomalous dissipation assumption (discussed below), Kolmogorov
formally made the prediction that over a range of scales |h| € [(p,{;] with £p ~ e~ 1/403/% the
following 4/5 law holds

R\® 4
E - — ~—= 1.

where 8pu(z) := u(x + h) —u(x) is the increment by the vector h € R3. The quantity appearing on
the left-hand side above is referred to as the third-order longitudinal structure function. The range
over which viscous effects will be mostly negligible, [¢p, ¢;], is commonly called the inertial range.
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The top scale £;, called the integral scale, is essentially the scale at which the external forcing acts,
while ¢p, called the dissipation scale, is the scale where the viscosity dominates the flow.

In this paper, we aim to provide a mathematically rigorous derivation of the Kolmogorov 4/5
law and the closely related 4/3 law for solutions to (NSEJ) with minimal hypotheses. Since the 4/5
law is independent of the precise details of intermittency, it is intuitive that we are able to prove
it using very few hypotheses, and in particular, we do not require any additional regularity other
than what follows from the energy inequality (L2)).

1.2. Weak anomalous dissipation. The fundamental axiom of hydrodynamic turbulence is
the assumption of anomalous dissipation, which is meant to describe the tendency of the nonlinearity
to accelerate the dissipation of energy so much that the Navier-Stokes equations (NSEJ) can balance
the external force independently of the Reynolds number. The non-vanishing of energy dissipation
vE||Vul3 in the limit v — 0 is often used as a definition, however this is not the correct definition
for stationary solutions to (NSEI). To illustrate this, consider stationary solutions to the heat
equation

o — vAv = oW, (1.4)
for which It6’s formula provides the energy balance

I/EHV’UH%% =ec.

The energy dissipation vE||Vv[|7, does not vanish as v — 0, but there is nothing anomalous or

nonlinear occurring here. A priori, one only has an energy inequality (L2) for martingale solutions
to (NSE) and it is an interesting question to wonder whether equality holds or not (see [41] and
references therein for sufficient conditions in the deterministic case). Equality or inequality in (L.2])
is a question connected to the types of potential finite-time singularities for v > 0 and hence is a
property related mostly to rare/intermittent events. As discussed above, this suggests that the 4/5
law in the form (IZ3]) should hold independently of whether or not equality is achieved in (I]:ZI)El

Let us suggest a more useful alternative (stronger variants have been taken in the derivation of
the 4/5 law in for example [27.43]). Thanks to the exact form of the invariant measure, for the
heat equation (I4]), we have

VIl ~

For the Navier-Stokes equations, we have the similar upper bound I/EH’LLH%% < ¢ from Poincaré’s
inequality and (L.2)). However, we expect that kinetic energy is driven to smaller scales as v — 0,
drastically increasing the amount of energy that is dissipated. Hence, for statistically stationary
solutions to (NSEJ), it is natural to take following definition of anomalous dissipation.

DEFINITION 1.1 (Weak anomalous dissipation). We say that a sequence {u},. of stationary
martingale solutions satisfies weak anomalous dissipation if

lim vE|u|3, = 0. (WAD)
v—0 z

In the physics literature (see e.g. [27]), it is usually implicitly assumed that E[u||?, is bounded
independently of the Reynolds number, which would more closely match the idea that the en-
ergy input should be totally balanced uniformly in the Reynolds number. In [43], the assumption
vt/ 2E|]uH%3 — 0 as v — 0 is used, which appears to be natural for deterministic forcing. However,

for solutions to (NSEI), these stronger assertions are unnecessary to deduce the 4/5 law, one only

IThere is, however, the classical inviscid limit version of the anomalous dissipation: that {u}y>0 converges to
statistical solutions of Euler with non-vanishing energy flux which balances €. A priori, this property is far stronger
than Definition [I.11



4 J. BEDROSSIAN, M. COTI ZELATI, S. PUNSHON-SMITH, AND F. WEBER

needs that the 3D Navier-Stokes equations dissipate significantly more energy than the heat equa-
tion. The main result of this paper is to show that only (WAD]) is required to deduce the 4/5 law
in its averaged form.

REMARK 1.2. Consider a passive scalar advected by an incompressible, time and r-independent
smooth velocity v such as

Of+v-Vf—vAf=oW.
If v is weakly mixing (or, more generally, relaxation enhancing [9]), then it was proved in [4] that

(WAD]) holds for f, namely
. 2
lim vE[| £z = 0.

1.3. Main results. Denoting by
dpu(z) = u(x + h) —u(x), heR3,

the increment of u with respect to the vector h, we define for any ¢ € R the averaged structure
functions

1
So(0) = EE / (Gt 28t - 7 dwdS(7), (1.5a)

5,(0) = / (G- )3 dzd S (). (1.5b)
S2 JT3

Our main result reads as follows.

THEOREM 1.3 (Averaged 4/3 and 4/5 laws). Let {u},-, be a sequence of stationary martingale
solutions to (NSEI), which satisfy (WAD), and let So(€) and S)|({) be the corresponding structure
functions as defined in (LBl). Then the following holds true.

e (4/3 law) There exists {p = {p(v) with 111—>mo ¢p =0 such that
lim limsup sup So() + %5‘ = 0. (1.6)
=0 0 0eltp,lr) l 3

e (4/5 law) There exists {p = Lp(v) with lim {p =0 such that

5\\(4)
]

4
lim limsup sup + € ‘ =0. (1.7)

=0 w0 reftp L]

To the best of our knowledge, Theorem proves the 4/5 and the 4/3 laws under signifi-
cantly weaker assumptions than those previously appearing in the literature. There is a number
of related works on the 4/5 law in the deterministic setting. The closest analogue to ours is [43],
which considers deterministic, smooth solutions with stronger anomalous dissipation hypotheses.
Another related work is that by Duchon and Robert [20], where an expression for the defect mea-
sure (measuring the defect from energy conservation) is derived for solutions of the deterministic
Navier-Stokes equations and L3 -solutions of the incompressible Euler equations which arise as
strong limits of sequences of Leray—Hopf solutions of the Navier-Stokes equations. Under a strong
L;?’x inviscid limit assumption, Eyink [22] establishes expressions for the defect measure for weak
solutions of the deterministic incompressible Euler equations that relate to local deterministic ver-
sions of the structure functions (LH]) above. In a similar framework, the recent paper [18] derives a
Lagrangian analogue of the 4/5 law. Lastly, we mention that under much stronger assumptions, ap-
proximate scaling laws for the second order structure function (e.g. when the (dz5u-7)3 is replaced
by (d¢nu-7)? in (LED)) have been derived in [8] for deterministic forces and in [23] in the stochastic
case. In either case, the second order structure function requires intermittency corrections.

Before stating further results, some remarks are in order.
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REMARK 1.4. The proof chooses £p such that
VElul2,
m —— =
v—0 fD
Note that £p should be interpreted only as an upper bound on the dissipative length scale.

REMARK 1.5. The idea of averaging over the sphere to deal with potential anisotropy was also
discussed in [31140,43], and in [48] angle-averaging is used to recover the 4/5 law in numerical
simulations.

REMARK 1.6. It is an open problem to prove existence of solutions satisfying (WAD]). However,
it should be noted that this property cannot hold for all solutions. Indeed, consider the case
that 0,W = e;dB(t), for a single mode. In this case, it is easy to check that the solution to the
stochastically forced heat equation (IL4)) is also a stationary solution of (NSEJ). In fact, the solution
is u(t,x) = Z(t)e;(x), where Z is the Ornstein-Uhlenbeck process dZ = —v |j1? Zdt 4+ dB(t), which
can be seen not to satisfy (WAD]). It is natural to conjecture that (WADI) holds whenever the
stochastic forcing satisfies some suitable Hormander bracket condition, in a similar way as it implies
ergodicity in 2D Navier-Stokes [31].

The proof of Theorem also yields the following a priori estimate uniformly in v without
any assumptions on the solution, however, it is not clear what any potential implications are.
Nevertheless, v-independent estimates on statistically stationary solutions are few and far between,
so we have chosen to include this observation.

PROPOSITION 1.7. Let {u},., be a sequence of stationary martingale solutions to (NSEI), and

let So(€) and S)|(€) be the corresponding structure functions. Then, for every fived v > 0, there
holds

—§z—: < lim inf SO—(E) < limsup SO—(E) <0.
3 {—0 {—0 €

A similar statement holds also for S),.

Note that if statistically stationary solutions were smooth, we would have

lim So(0)

=0.
=0 A

1.4. Statistical symmetries. A second axiom often assumed when studying turbulence is
that the symmetries of translation and rotation are recovered, in a statistical sense, in the inertial
range. Such recovery of symmetry has never been proved rigorously in any context to our knowl-
edge. However, if the force is statistically homogeneous (a process f defined on T? is statistically
homogeneous if the paths f(-) and f(- +y) coincide in law for any y € T?) then one can check that
there exists homogeneous and stationary martingale solutions (see Remark 2.4l below). In this case,
we can dispense with the space average in Theorem [L3]

THEOREM 1.8 (Homogeneous 4/3 and 4/5 laws). Let {u},. be a sequence of homogeneous and
stationary martingale solutions to (NSE), which satisfy (WAD)). Then the following holds true:

e (4/3 law) There exists {p = {p(v) with lir% ¢p =0 such that
v—

1
lim limsup sup |E—
=0 vs0 sefepe) | ATl

e (4/5 law) There exists {p = Cp(v) with lir% ¢p =0 such that
v—

4
/ ’55&?1’2 55&?1 . ﬁdS(ﬁ) + —¢| =0.
<2 3

1 ) 4
lim limsup sup |E— Oepul” dppu - ndS(n) + —e| = 0.
lr—0 L0 C€ltp,lr] 47l S2 ’ tn ’ tn ( ) 5
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Proposition [[.7 also holds in the homogeneous case, in which the structure function (L5al) need
not be integrated in x.

It is natural to ask what kind of approximate symmetries imply the 4/5 law expected in homo-
geneous, isotropic turbulence. The following definition assumes spatial homogeneity already, but
generalizations are natural.

DEFINITION 1.9 (Approximate (inertial range) isotropy). We say that a sequence {u},, of
homogeneous and stationary martingale solutions to (NSE)) is approzimately isotropic if there
exists p = ¢p(v) with lir% ¢p(v) = 0 such that the following holds: for every continuous function

v—

¢ : R3 x R? — R such that

1
B [ o tas(a)] £

for some strictly monotone increasing, continuous 7 : Ry — R with v(0) = 0, we have

lim limsup sup Li/ E¢(denu, tn) —E% ¢(pru, €')dS(2') | dS(7) = 0.
S2 ™ Js2

=0 v—0 relep,b] v(€) 4m
This definition together with Theorem trivially implies the following variant of the 4/5 law,
which is the classical statement often seen in physics texts.

COROLLARY 1.10 (4/5 law for homogeneous, approximately isotropic turbulence). Let {u},-, be
a sequence of homogeneous, approximately isotropic, and stationary martingale solutions to (NSEI),
which satisfy (WAD)). Then, there exists {p = {p(v) with lir% ¢p(v) =0 such that
vV—r

1 4
B (daeu - )3 + =€/ dS() = 0.

lim limsup sup /

=0 y50 gelep,eg) Js?

1.5. Necessary conditions. Finally, we state conditions that are necessary for any scaling

laws resembling the 4/5 and 4/3 laws to hold. In [19] necessary conditions are proved for de-

terministic solutions obtained in the inviscid limit in T% whereas [11] discusses similar necessary

conditions for deterministic solutions obtained in the inviscid limit on bounded domains (see also
the references therein for further discussions).

THEOREM 1.11. Suppose {u},- is a sequence of stationary martingale solutions to (NSE) that
satisfies the following conditions.

e Energy balance: for every v sufficiently small, there holds

I/EHVU”%g =ec. (1.8)
e Regularity: there exist C' > 0 and s > 1 such that
sup VE[|V|°ul?. < C. (1.9)
ve(0,1) v
Then, there holds
S)(e So (¢
i, (7] <) o o

REMARK 1.12. It is easy to check from the proof that the regularity condition (3] can be
weakened to

lim sup sup Ev||Véjul2, = 0.
=0 |p|<eve(0,1) ”

This is essentially Lat precompactness in space of /vVu.
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If we assume that (T3] holds for s > 5/4, then (L8) is superfluous. Indeed, thanks to the
embedding LZHS N LPL2 — L?Wf’g for some o > 1/3, it is possible to adapt the arguments in
[101[21] to the case of (NSEI), and obtain conservation of energy. Hence we have the following
corollary.

COROLLARY 1.13. Let {u},., be a sequence of stationary martingale solutions to (NSE]) such
that for some ¢ # 0 and some {p(v) with lir% ¢p =0 there holds
v—

So(£)
14

lim lim sup
Lr—0v—0 ZE[ZD ZI]

—l—c' =0.

Then, for all s > 5/4,
liminf Ev|| [V[* ul|3: = oo
v—0 z

REMARK 1.14. If inf, Ev||Vu|[?, > 0, then (WAD)) implies that
lim inf Ev|| |V]" u|2, = oo, Vs > 1.
v—0 @
Indeed, by Sobolev interpolation we have for 6 =1 —1/s
2(1-0) 9 1-6
B[ Vul}, < Ellul? )V ulfs " < (Blul:) (B1V1ul;)

Hence, under the assumption of energy balance (L), (WAD]) is stronger than (L9). Nevertheless,
we conjecture that (WAD]) is both necessary and sufficient for the 4/5 law, at least if energy balance
holds.

1.6. Notations and conventions. We write f < g if there exists C' > 0 such that f < Cyg
(and analogously f > g). We write f ~ g if there exists C' > 0 such that C~1f < g < Cf.
Furthermore, we use hats to denote vectors with unit length, that is, if h # 0 is some vector,
then h = h/|h|. We will also sometimes abbreviate LP, W*? and C*-spaces in the variables
(w,t,z,0) € Qx[0,T] x T2 x Ry in the following way:

Lpi= DV(T9), WEPi= WH/(T9), L8:= L([0,T]), L} :=L"(Q), CF:=CMRy),
etc., or use combinations of these, for example, L{L% denotes the space L?([0,7]; LP(T3)) and Lﬁ .
denotes LP([0,T] x T?). We denote by L3 and H}  the completions of divergence-free smooth
functions with zero average (denoted by Cg7) with respect to the L? and H'-norms. For any
a € R, Hg will denote the usual homogeneous Sobolev spaces. With a slight abuse of notation we
will say a vector field u(z) € R? or a rank two tensor field A € R3*3 belongs to a space X if each
component u’ and A;; belongs to X.

We will also make frequent use of component-free tensor notation. Specifically, given any two
vectors u and v we will denote u ® v the rank two tensor with components (u ® v);; = u'v/.

Moreover given any two rank two tensors A and B we will denote : the Frobenius product defined
by, A: B =}, AijB;; and the norm |A] = VA: A.

2. Preliminaries

2.1. Stationary martingale solutions. As mentioned, martingale solutions to (NSEI) are
probabilistically weak analogues to the Leray-Hopf weak solutions to the deterministic Navier-
Stokes equations. By probabilistically weak we mean that instead of viewing the noise

ZUkEk )dBy(t),

and its associated filtered probability space, as an input to the problem, it is actually an output,
to be solved for along with the the velocity field u. Indeed, a martingale solution consists of a
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stochastic basis (€2, (F;)sepo,7]; P, {Br}) along with a process u : Q x [0,T] — L3, that satisfies the

Navier-Stokes equation in the sense of distributions. It is important to remark that, in general the

filtration (F;)e(o,r) may not be the canonical filtration generated by the Brownian motions {8 (%)}

Moreover any two martingale solutions may have different stochastic bases. Martingale solutions

were first constructed in [5], and stationary martingale solutions were later constructed in [24].
More precisely a martingale solution to (NSEJ) is defined as follows:

DEFINITION 2.1 (Martingale Solution). A martingale solution to (NSEI) on [0,7] consists of
a stochastic basis (2, (F)ejo,r), P, {Bk}) with a complete right-continuous filtration and an ;-
progressively measurable stochastic process

w:[0,T] x Q — L3,
such that:

e v has sample paths in
Cy(HS) N LPL3, N LEHL, for some a < 0.
e For all t € [0,7] and all p € C3%,, the following identity holds P almost surely,
t t
/ u(t) - pdr + V/ / Vu(s) : Veodads +/ / [(u(s) - V)u(s)] - pdads
T3 o Jrs 0o Jr3
t
= / ug - o dr + Z/ / orek - o dzdfi(s).
T3 — Jo JT3

If there is no risk of confusion, we will simply say that u is a martingale solution without making
reference to the stochastic basis.

(2.1)

We also have the corresponding definition for stationary processes:

DEFINITION 2.2 (Stationary Martingale Solution). A stationary martingale solution to (NSEI)
[0, 00) consists of a stochastic basis (£2, (F)i>0, P, {Bk}) with a complete right-continuous filtration
and an JFi-progressively measurable stochastic process

u:[0,00) x Q — L,
such that:
e For each T > 0, u\[oﬂ has sample paths in
Cy(HS) N LPL3, N LEHL, for some a < 0.

o the law of the path u(- 4+ 7) is that same as the law of u(-) for each 7 > 0.
e For all t > 0 and all ¢ € C35,, identity (Z.I]) holds P almost surely.

If there is no risk of confusion, we will simply say that u is a stationary martingale solution without
making reference to the stochastic basis.

If, in addition to either definition above, the velocity field u(t,- + h) is equal in law to w(t,-)
for every h € R3, then we say that u is a stationary and homogeneous martingale solution.

The following existence theorem follows easily from [24].
THEOREM 2.3. For each ug € L3, and T > 0 there exists a martingale solution u on [0,T] to
(NSE) satisfying the energy inequality for to > tq,

1 1
SEIu(EI: - SElu); +vB [

t1

t2
V() 3ds < e(t — ).
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Additionally, there exists a exists a stationary martingale solution u on [0,00) to (NSE)) satisfying
the stationary energy inequality

VE|Vu(s)[7: <e.
Furthermore, if the force is homogeneous, then there exists stationary homogeneous martingale
solutions.

REMARK 2.4. One can write the force (1)) in the form
Wi(t,z) =Y arcos(k - 2)B(t) +sin(k - 2) B (1),
keZ3

for independent Brownian motions ﬁ}; and for vectors ay,~; satisfying ag -k = v -k = 0 and
lag|? + [x|* = o7. The force is homogeneous if |a|* = |v4|? for all k € Z3. Existence of stationary,
homogeneous martingale solutions can be proved two ways: (A) by a Galerkin approximation, using
that each truncation will result in a stationary, homogeneous finite dimensional approximation or
(B) averaging path measures over translations as in [49]. Note that both cases require a Skorokhod
embedding argument.

A priori estimates can also be deduced for these martingale solutions. Indeed, Theorem 3.1
in [24] implies that martingale solutions satisfy the following a priori estimates,

EHUHZ?OLg < 00, EHVUH%% < oo, Vrell, o), (2.2)

where the L] norms are taken over any time interval [0,7] for T < oco. These two estimates
combined provide the following a priori estimate.

PROPOSITION 2.5. Any martingale solution u satisfies

for each p,q € [1,00], r € [1,00) satisfying
2 3 2
—+—2§, and ——|—§>§.
q p rop 2
PROOF. We begin by interpolation (see e.g. [I, Theorem 5.8]), for P ® d¢ almost every (w,t) €
Q2 x [0,T] we have
lutt, )z S u(t.0) s [ Vut. ) 135",

and 6 € [0, 1] satisfies

Next using Holder’s inequality in time gives
0 —0
)l gz < (@) 1z IV u() 12

where
19 3 3 2
2 4 2 q

Finally, applying Holder’s inequality in expectation, gives

> 2.

1
-2
q

[l w
N W

1
s

1 1
Bllullyyp)" < Bllullipe ) (BIVal, )2

where
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and s > 1 is given by

O

Note that if u is statistically stationary in time, then for every T" > 0 there holds the relation

1 T
Bluly =B [ uold, (2.

which means there is a one-to-one correspondence between g-th moments of X and L{X regularity.
Hence, invoking Proposition 2.5] stationary martingale solutions satisfy

EHquLg < oo, for g—kg > g
REMARK 2.6 (Martingale and stationary suitable weak solutions). Existence of (stationary)
martingale suitable solutions has been proved in [45]. These are solutions which satisfy an additional
local energy inequality that can be used to prove partial regularity results in the spirit of Caffarelli-
Kohn-Nirenberg [7] for the stochastic Navier-Stokes equations, see [25]. The versions of the 4/3
and 4/5 law that we prove in the following sections hold for any type of martingale solutions, and
the local energy inequality is not used in the proofs.

2.2. Regularity and a priori estimates for structure functions. We now use the previous
regularity estimates to deduce useful properties on the structure functions in (L3]).

LEMMA 2.7. Let {u},.q be a sequence of (not necessarily stationary) martingale solutions to
(NSE) on [0,T]. Then for each v > 0, the functions

e e
{— T/O So(t,E)dt, {— T/O S||(t,€)dt,

are continuous on (0,00) and bounded via

sup

1/T ‘ 3
— [ S,(t,0)dt] < Ellul®s . 2.4
e T J, S0 lullzs | (2.4)

1 T
—/ So(t,ﬁ)dt‘ + sup
T Jo 0e(0,1)

Moreover, if u is stationary, then Sy and S| are time-independent, and for each v > 0 fized, both
are continuous and

lim y(¢) = lim S (¢) = 0.

PROOF. The proof is the same for both Sy and S|, so we just show it for Sp. Proposition
implies that

T
E/ / SenufPdedt < Ellul?, < oo.
o Jrs e

Hence, dppu € Lim uniformly in ¢ and 7, and by Fubini’s theorem we may swap integrals and

deduce that So(t,¢) and S)|(, /) are in L}. From this, (Z4]) follows. The continuity holds because

u € Li’)’m and shifts are continuous in L%, i.e., for any h € R3,

T
lim E/ |u(t,x + Lh) — u(t, z)[Pdzedt = 0.
£—0 0 T3

For time-stationary functions, the same holds without integrating in time by (2.3)). O
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Another important quantity related to statistical averages is the two point correlation matrix
for the velocity fields

L(t,h) = E/ u(t,z) @ u(t,z + h) dz, (2.5)
T3
which, written component-wise, reads

Lyj(t,h) = E/ u'(t,w)u! (¢ @+ h)de,  d,j=1,2,3.
T3

The following is a regularity result that is useful later.

LEMMA 2.8. For every i,j = 1,2,3, the two point correlation functions I';; are uniformly
bounded and continuous. Moreover the time averages

1 [T
b T/o Tyi(t, h)dt
are C*(R3) for each v > 0. If u is time-stationary, then I';;(t,h) =T;;(h) € C*(R3).
Proor. We have

sup sup

heT3 te[0,T)
which is bounded by ([22). The continuity follows because u € LE L L2 for any g € [1,00) by Z2)
and shifts of LY functions are continuous. To see that the time averages are twice continuously
differentiable, we assume for the moment that I';; is smooth (e.g. by convolving it with a mollifier)
and differentiate, giving

1 (T 1 (7T . ,
‘—/ Vilij(t, h)dt‘ = —/ E/ ul(t,$)V%u3(t,x+h)d$dt‘
T 0 T 0 T3

E/ u'(t, x)u’ (t,z + h)da
T3

< E||UH%;>°L5,

T
- l/ E/ ui(t,:n)Viuj(t,:E—l—h)dxdt‘
T 0 T3

T
— l/ E/ qui(t,x)vxuj(t,x+h)dxdt‘ (2.6)
T 0 T3

1 2
< TEHVU||L§Z-

By approximation, this holds for any function that satisfies E||[Vul|?, < oo which is the case
t,x
by (22)). The continuity of

1 T
hi o /0 Vil (t, h)dt

follows from the continuity of shifts of Vu in L2, , and the third line [Z8). Similarly, one shows
boundedness and continuity of V;,I';;. For time-stationary functions, the same results hold without

averaging in time. ]

3. The Karman-Howarth-Monin relation

The goal of this section is to derive the Karman-Howarth-Monin (KHM) relation for martingale
solutions to (NSEI). Generally speaking, it is a relation between the two point correlation matrix
for the velocity fields

I(t,h) = E/ u(t,x) @ u(t,z + h)dz,
T3
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and for each k, the third order structure matrix
DE(t, h) = E/ (Spu(t,z) @ Spu(t,z)) opub(t, z) dz.
T3

PRrROPOSITION 3.1 (KHM relation). Let u be a martingale solution to (NSEI) on [0,T]. Let
n(h) = (mj(h))?jzl be a smooth, compactly supported, isotropic, rank 2 test function of the form

n(h) = (KT + p(hh @ h, = % (3.1)

where ¢(£) and @(€) are smooth and compactly supported on (0,00). Then the following equality
holds

/RB n(h) : T(T,h) dh — n(h) (0, = ——Z/ . Akn(h) : D*(t, h) dhdt

(3.2)
+2V/ / An(h) : T(t, h) dhdt—|—2T/ n(h) : a(h)dh,
R3 RS
where a(h) is related to the two point covariance function associated with the noise by
1
a(h) = 3 /1r3 C(x,z + h)dz, Z oier(r) @ ex(y). (3.3)

REMARK 3.2. By Cauchy-Schwarz inequality and the assumption ¢ < oo, C(x,z + h) is in L}
uniformly in h; in particular |a(h)| < ¢ and by continuity of shifts in L', a(h) is a continuous
function of h. Note that tra(0) = e.

REMARK 3.3. Note that homogeneity of W in space is equivalent to the existence of some
continuous @ such that C(z,y) = Q(z —y) for all z,y € T3.

A version of the above relation (under the assumption of isotropy for the solutions) was first
derived by Kérmén and Howarth [14], and later put into more general form by Monin [42]. Note
that we do not require any more regularity than that possessed by all martingale solutions (see
Proposition 25) and (3:2)) holds for a general isotropic tensor 1. We will derive both the 4/3 and
the 4/5 law using this generalized version of the KHM-relation.

In the proof of Proposition B we will use the following lemma that relates fluxes in the
evolution of the two point correlation matrix I'(£, k) to the third order structure matrices D (¢, h).
This plays a fundamental role in the K41 theory.

LEMMA 3.4. Let u € L3(T3) be a divergence-free vector field, and let Tyu(z) = u(z + h) denote
its shift by h € R3, then the following identity holds in the sense of distributions

3
Z Oh, / [(u® Thu)u® + (Thu @ w)uk — (Thu @ w)Thu* — (u ® Thu)Thuk] dzx
T3

w

— Z 8hk /TS (Opu ® 5hu)5huk dz.

k=1
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PRrROOF. The proof is mostly algebraic and is most easily seen by working backwards. Expanding
the differences we find,

/(5hu ® 5hu)5huk dr = /(Thu ® Thu)Thuk dx — /(u ® Thu)Thuk dr — /(Thu ® Thu)uk dx
- /(Thu ® u)Thu® dz + /(u @ Thu)u® dz + /(u ® u)Thu® dz

+ /(Thu ® w)uk de — /(u ® w)uk d.
Using the fact that
/(Thu @ Thu) Thu® do = /(u ® u)u® dz,

and the divergence free property of u,

3 3
Z@hk /(Thu ® Thu) uf do = Zahk /(u ® u) Thu® de = /(u ® u) Ty (div u¥) dz = 0,
k=1

k=1

we obtain

3 3
Z Oh, /(5hu ® 5hu)5huk dr = — Z Oh, /(u ® Thu) Tyu® dz — Oh, /(Thu ® u) Tyu” dz
k=1 k=1

3
+ Z Oh,, /(u @ Tyu) uf da + O, /(Thu ® u)u® dz
k=1

3
= Z Oh,, / [(u® Thu)uF + (Thu @ w)uk — (Thu @ w)Thu* — (u® Thu)Thuk] dz
k=1

completing the proof. O
We are now ready to prove the proposition.

PROOF OF PROPOSITION [3.1] Let v(x) be a standard bump (smooth, radially symmetric, pos-
itive, supported in the ball with unit integral), and for each x > 0 define v, (z) = K~ 3y(x~'z). For
any function f(z) on T3 we denote the spatially mollified function by

fr= (f)n = Ye *x f.
The mollified stochastic equation for u, = . * u becomes for each z € T3
dug(t, ) + dive(u @ u) . (t, 2)dt + Vpe(t, x)dt — vAu(t, z)dt = dWi(t, z), (3.4)

where the equation is to be interpreted as a finite dimensional SDE for each € T2 and x > 0. Let
h € T3, then the evolution of u,(t,r) ® u.(t, = + h) satisfies the stochastic product rule

d(uk(t,z) @ ug(t,z + h)) = dug(t, ) @ ue(t,z + h) + ug(t, z) @ dug(t,z + h)
+d[u( @), ue(, @ + h))(t)
where [ (-, x), ug (-, 2 + h)](t) is the cross variation of u,(-,x) and u,(-, = + h) and is given by
[us (@), e (-, + )] () = [Wi(,2), Wi (-, 2 + h)] ()
= Z OkOm (e’,ﬁ(m) ® el (z + h)) [Br, Bm] (t)
k,m

=tC"(z,x + h),

(3.5)
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with

"z, x+h) = ZO’ el (z) ® el (z + h).

Upon integrating equation (3.1 in z, using equation (34 and integrating by parts, we readily
obtain the following matrix valued SDE for each h € R?

3

d Uy @ Thupda | =Y ( Oy, (uFu)s ® Thuy, — u, @ (Thu* Thu),)| da ) dt
J. | |

k=1

+ 2v (Ah/ wy @ Thy d:z:> dt + (Vh/ (pr Thuy) dz — V;/ (uk Thpk) dx) dt
T3 T3

< C"(z,r + h)da:) dt + Z </ o; [l ® Thuk + ue ® Thef;]> dg;,
T3 T3

7j=1

where we used V, to denote the transpose of Vj, that is, (V] v);; = (Vyv);; = ahjvi for a vector
v = (v',0%,03)7. Integrating in time, taking expectation and pairing against the isotropic test
function 1 (defined by equation (B.I])) in the h variable and integrating by parts gives

1

T
/R3n(h):l““(T h)dh — / n(z) : T%(0,h) dh = —5/ Okn(h) : D*(t, h) dhdt

+21// / An(h) : T5(t, h dhdt+/ / . PR(t, h)dhdt (3.6)
R3 R3
+or / n(h) : a*(h)dh,
]R3

where we have defined the “regularized” quantities

(¢, h) := E/TB uk(t,x) @ ug(t,x + h)de,
DRR(E R = 2 / [(bu)e(t,2) © un(t, 2+ 1) = st ) © (wFu)ut, e+ 1)) dr
']1*3

a™(h) := 3 ) C"(x,z + h)dz,

and
P"(t,h) :=E (Vh/ Pt z)u(t,x + h)de — V;/ U (t, ) pr(t, T + h)dx) .
T3 T3

Ultimately, the goal is to pass k — 0 in ([3.6]) to obtain equation ([B.2]). However, before sending
k — 0, we must deal with the pressure term P®. We will see that since u, is divergence free and
we are pairing with an isotropic test function 7, the contribution from the pressure, P”, vanishes

/ n(h) : P*(t, h)dh = 0. (3.7)
R3

To show this, we observe that, by symmetry of 1 and integration by parts in h, and using the
identity,

divi (k) = divi, (6RNT +p(ADh @ &) = ®(RDA,  @(0) = ¢/(0) + £'() + 26 0(0),
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we have

/ n(h) : P¥(t,h)dh
R3
=—-E // divy, n(h) - pe(t, ) (ug(t,z + h) — ug(t,z — h)) dzdh

__E // B(h|) pu(t, ) (un(t, 2 + B) — wn(t, 2 — ) - hdzdh

= —E/pﬁ(t,a:) (/R+ D(0) [/Ih:é(uﬁ(t,x + h) — uy(t,z — h)) - hdS(h)] d€> dz.

By the divergence theorem, we conclude that
/ (e (2 + h) — wn( — ) - hdS(h) = / 2 div (2 + h)dh = 0,
|h|=¢ |hl<e

and therefore (B.7) holds for all suitably regular isotropic tensors n(h).

Now we aim to pass to the limit as k — 0. It is a simple consequence of the form of the noise
that the convergence C*(xz,x + h) — C(z,z + h) holds locally uniformly in both z and h and
therefore a”(h) — a(h) locally uniformly. Additionally, using the standard properties of mollifiers
on L? vector fields, we have that P ® dt almost everywhere in Q x [0, T]]

U —u in L2
The moment bound sup¢o 7 EHu,.@(t)Hﬁg < oo for any p > 2 implies that for each ¢, the sequence
(ux(t)) >0 is uniformly integrable in L?(Q2 x T3). Therefore, by the Vitali convergence Theorem,
for each (t,h) € [0,T] x R3,

I'"(t,h) — I'(t, h). (3.8)
Furthermore the uniform bound

DAt h) < Bl 2 < oo,
and the bounded convergence theorem imply
I'* =T in LL.([0,T] x R3). (3.9)

Both the pointwise convergence ([B.8) and L' convergence ([3.3)) are enough to pass to the limit in
all terms of equation (B.6]) that involve I'*.

It remains to pass to the limit in the term involving D**. Using the properties of mollifiers
and the fact that u € L3(Q x [0, T] x T?), we conclude that for P ® dt ® dh almost every (w,t,h) €
Q x [0,T] x R3, both

(P w)(w, t,-) @ Thug(w,t,-) = (0@ Thu)(w,t,)u*(w,t,-),
and
U (w, 1, ) @ Th(uF u)(w, t,) = (u @ Thu)(w, t, ) ThuF(w, t,-), (3.10)

converge in L'(T?). Additionally, the fact that v € L(Q x [0,T] x T3) for each 2 < ¢ < 10/3,
implies that for each h # 0, the sequences ((u*u), ® Thu)eso and (u, @ Tp(uF u).(w,t,-))x>0 are
also uniformly integrable in L'(2 x [0,7] x T3). Combining this with the pointwise convergence

(BI0), the Vitali convergence Theorem implies that for each h the following convergence holds in
L*([0,77)

D™k(h) — 2E/

5 (@) & Ty, @) vt (@) = (u(,2) & Tyl 2)) Ty (@) da.
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Using the symmetry of n and the identity from Lemma [3.4l we find that the limit can be written in
terms of the third order structure function

2 /R 3 <8hk17(h) B /T [ttt 2) @ Tiute, 2)) ¥ (1,2) — (ult, ) © Thu(t, ) Tk 1) dx) dh

_ / Onn(h) : D (t, ).
Finally, using the uniffrm bound
[Onn(h) s DGt )| < Efullfy < oo,
it follows from the bounded convergence theorem that |
Oy : D*F = 9, m: DF in LY([0,7] x R?)
and therefore we may pass the limit of the final term in equation (B.6l). O

Naturally the same proof, with some small modifications, can be applied to the case of stationary
martingale solutions to (NSEI), in which case the KHM relation takes a simpler form.

COROLLARY 3.5. Let u be a stationary weak martingale solution to (NSEI). Let n(h) =
(Uij(h))%zl be a smooth, compactly supported, isotropic, rank two test function of the form
L - h
n(h) = o(|h)I +@(lhhh @ h,  h= 1k (3.11)
where ¢(£) and @(€) are smooth and compactly supported on (0,00). Then the following equality
holds,

—

3
Sy / O, m(h) : DF(h)dh =2v [ An(h) : T(h)dh + 2 / n(h) : a(h) dh. (3.12)
k=1

R3 R3

\)

4. Proof of the 4/3 law

In this section we first prove the (spherically averaged) 4/3 law as stated in (LG, and then,
using similar ideas, we prove Proposition [T

4.1. Proof of ([I.6]). From (25 and (B3], we define the spherical averages
_ 1 1
I'it)=— 1:T'(4n n a(l) = — n n). 4.1
)= 1 /S TT()AS(), () = o= /S tra(£a)ds (i) (4.1)

Notice that I" does not depend on time since we are considering stationary solutions. From Corol-
lary applied with only the test function ¢ in ([B.I1]) and Lemma 2.8 we deduce that

T/ 2 T/ = 1 /
2p(0) <yr +v T+ a(€)> df = /R . So(0)F2¢' (£)de.

R+
Integration by parts gives
1 1 1 2
— [ So(0)*¢' (£)dl = —lim — Sy (£)p(¢) — = / S(0) + =S (€) ) 2p(0)de

_ _i /R ) <S{](€) + %5@@)) 2e(0)e,

where the boundary term vanishes due to Lemma 2.7l Hence, the following ODE holds in the sense

of distribution
£2 2 I 25,
SO“‘ESO =0 (vl —I—I/ZF +a .
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Note that this implies Sy is differentiable for all ¢ € (0,1/2). We may re-write this as
Oy <£3%> = —¢? <4ur” + 4u%f’ + 4a> .

Recall from Lemma 2§ that T" € Cf for each fixed v > 0, and hence the right-hand side is not
singular. Therefore, integration yields:

¢
Soéﬁ) = —%3 /0 72 <41/f”(7’) + 4V§f/(T) + 4a(7’)> dr. (4.2)

Firstly, since

4 [, 4 4 [t _
@ ), Téa(0)dr = ga(O) + @ ), 7% (a(r) — a(0)) dr,
we use the continuity of a and infer that
4 [t
lim sup / 2 (a(r) — a(0)) dr = 0.
(=0 g0,y 02 Jo
Moreover, a further integration by parts gives

£ s
Ei?’ ; [72T"(7) + 27T (7)] dr = g (6)

Recalling that

ViptrI'(h) = E/

u(t, z)Vyu(t,z + h)de = —E/ u(t,z + h)Vyu(t, x)dx
T3

T3
we obtain

IT'(0)] S B[ Vull7,.
Hence, recalling also that a(0) = e, (2] becomes
So(€) _4uf"(€) 4

where the o7_,0(1) vanishes as ¢ — 0 uniformly with respect to v. Next, using (L.2)),

“re)| s % (BIvalz) " (B, ) s S0 (Biulg,) .

Therefore, by the weak anomalous dissipation condition (WADI), we can choose ¢p(v) — 0 such
that (1/E\|u||2)l/2 = o(fp). Hence, for all £; < 1/2, there holds

lim sup Kf'(@)‘zO. (4.4)

v=0pe(ep ty)
The result stated in (IL6]) follows after applying (£4]) and ([@3]). The proof is concluded.

4.2. Proof of Proposition [I.7. The above proof is easily adapted to prove Proposition .71
Consider the general case in which u does not obey anomalous dissipation. Recall from (2] that

SO(E) _ 1 ¢ 2 =1 2—/ 4 /é 2
= V€3/0 T4 T —i-gF dr @ ), Tea(r)dr. (4.5)

Furthermore, from the definition of " in (@I, we have that

() + %f/(e) _ —ﬁ /S 2 /T CEVu(z) : Vule + 00)dzdS (7).
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For each fixed v, the energy inequality (L2) implies

_ 2_
v D"+ zr’ < vE|Vull?; < a(0).

Therefore, from (£5)),

¢ l
—ga(())—gig/o 7 (a(r) — a(0) dr < 2% < —213/0 72 (a(r) — a(0)) dr.

Proposition [[.7] then follows.

5. Proof of the 4/5 law

We conclude here the proof of our main Theorem [[3] by showing the validity of (L7]). Our
starting point will be the stationary form of the KHM relation ([I2]) where we take the isotropic
test function 7 to be of the form

A ~ h
n(h) = @(hl)h @ h, =T

i.e., we take ¢(|h|) = 0 in the general form (B.I]). This gives the following balance relation
3
S 1 .
Z/RS Oh, (@(|R)h @ h) : <§Dk(h) + 21/8hkf(h)> dh = Z/RS o(|h]) h @ h :a(h)dh. (5.1)
=1

Using the following elementary identity
O, (o) @ B) = (&' (1h]) — 20hl (kD)) B by + (B () (¢4 @ bt b )

we may write

1 : Lo b)) - Dk 1 , P .
ZICZ:E/RSahk(sO(!h\)h ®h): D (h)dh_ZE// (¢ (]) — 2B~ o (])) (o - h)*dardh

T3 xR3
+E/y )~ (1) |82 (G - Byl
T3 xR3

~on / (0 (0) — 200(0)) Sy (€) de + 4 / Co(6) So(£) d
R4

R4
(5.2)
and after an integration by parts, write
Z / O (PR @ h) : 200, T(h) dh
_2VE// S (Rl — 208" (1) (h - w)Th(h @ b - Va)dadh
(5.3)

+ AR // B (1h]) (G- ) Ti(div ) — (div ) (- Tyu) ) dadh
— 8w / (2 () — 200(0)) H (0)dL.
Ry
where we have defined H (¢) by

H(O) = ﬁE/S </TB (- u)(R @ : Tar V) da:) ds (i), (5.4)
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Denoting
1

T 4n

N
—~

n®n:alln)dsS(n),
we obtain

5 / o(lhD)h @ B ah)dh = s [ o(0)a(o)de.

R4

Using the fact that £2¢/(¢) — 20p(¢) = ¢4 (6_290(6)), and collecting the identities (0.2)),([5.3]), and
(54]) we can write the balance relation (5.)) as the following distributional ODE

O [€4(S)(0) + v H (£))] — 26°Sp(€) + 4*a(f) =0 in  D'(0,0).
Integrating both sides of this equation gives
¢ ¢
C(S)(6) + wH (L) = Jim (C1(S)(0) + vH(0))) + 2 / 73 So(T)dr — 4 / a(r)dr.  (5.5)
— 0 0

The boundary term vanishes thanks to Lemma [2Z7] and the fact that vH () is bounded by the
energy dissipation

1/2 1/2
sup vH(() < (vBJlull}; ) (VEIVul3;) " < vE|Vul3..
LeRy e v
Dividing both sides of (5.5 by £° gives
S (¢ ¢
# —Ady——= —|— 20 / 7)dr — 40~ / rta(r)dr. (5.6)
0

Under the assumption of weak anomalous dissipation

1/2
v (Ellulfy) " = olto).
we observe that
1/2

H
lim lim sup H(O)]
Lr—0v—0 ZE[ZD ZI] é

< lim £ (VE|u|2.)"* (vE|Vu|2.)"* = 0. (5.7)

Moreover, since a(h) is uniformly continuous in h independently of v and [, n ® 2 dS(n) = 371,
we have that

a(0) — 2 tra() = = / A& (a(lh) — a(0))dS(R) = or0(1),

and therefore,

4075 /Oé Fa(r)dr = —5 tra(0) + 40~ / ( _ —tra( )> dr = %z—: Forw)  (58)

where the oy_(1) vanishes as £ — 0 uniformly with respect to v and tra(0) = . Then using the
4/3 law,

¢
2 4 8
lim lim sup 207° 3So(r)dr = 2 <——E> = ——z¢, 5.9
and combining, the 4/5 law follows by substituting the limits (7)), (58) and (2.9) into equation

G.4).
6. Necessary conditions for third order scaling laws

In this section we prove Theorem [LTTl As for the sufficient condition results of Theorem [L.3],
it is natural to use the result on Sy to deduce the result on ).
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6.1. Proof of (I.1Q) for Sy. From (@3),

So(¥) 4uT'(0) 4

— — = 1 1

: 2 Setoro(), (6.1)
where the oy_,0(1) vanishes as ¢ — 0 uniformly with respect to v. Then,

j
g 4 /S2 /TS x)0y u (x + ¢n)n’dxdS(n)
- _ j
g 4 /S2 /TS 8xju u'(x + n)n? dedS(n).

Observe by periodicity that
//%Ju (z)7! dzdS(A) =
s2 JT3

-- iE/ / O () (“ (w4 th) —u (rc)) W dedS(R).
i 4 S2 JT3 l
By condition (9) and (T2)

—ZiE/ / 8xjui(x)amkui(:n)ﬁkﬁjdde(ﬁ) —|—£05_>0(1),
i 4 §2 .JT3 14

where crucially, as above, the o;_,0(1) vanishes as ¢ — 0 uniformly with respect to v. Since
(denoting the Kronecker ¢ as dj;)

and hence

1

, 1
| AFA7dS(R) = =6,
g S2n n’dS(n) 35k],

we have
=, / 9 14

In turn, by (61]), there holds
So(€)
14
and the desired result for Sy follows by the energy balance assumption (L8]).

6.2. Proof of (LI0) for S). By estimate (LIQ) for Sy,

4 4
= gEVHVU”%% — gE + 0[_)0(1),

¢
2€_5/ 7380 (T)dT = 0p—0(1)
0

where oy_,0(1) vanishes as ¢ — 0 uniformly with respect to v. Hence, from (5.6]) and (5.8]) we have

Sy (¢
# = —41/# — %E + 0¢0(1). (6.2)

Hence, we consider

Z // At ikt ()0, ! (x + 0h)dzd S ()
47 S2 JT3

1,5,k

-yl // AT AR, ul (@) ( + 0h)ded S(R).
47'(' S2 JT3

1,5,k
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Observe that for all 4, j,k € {1,2,3}

1

L sisiskia(a)y —
i |, R dS(n)

and hence

Z A /S2 /’]1‘3 njﬁkaxkul(x) (u](x + m) _ u](x)) dde(ﬁ),

i3,k

By (L9) and ([L.2]), we have
-2 / / AT 0y, 1 (2)0, 0 (2)d2dS(2) + —op0(1),
47‘(‘ S2 JT3 v

1,7,k,q

where oy_,o(1) vanishes as ¢ — 0 uniformly with respect to v. Then, we use the following identity
for i,7,k,q € {1,2,3} and the Kronecker ¢,

1 i
E n nink nidS(n) = 5 (5ij5kq + 5ik5jq + 5iq5jk) ,
so that
1 1
E (—/ YWk nadS (i > (/ D’ (x )0y, 0 (2 )dx) = / |Vul dx—l——/ (divu)?dz.
i M7 T3 15

Therefore, since u is divergence free,

H(¢ v
I/# = —1—5EHVU”%% + 0[—)0(1)-
Hence, by (6.2)) we obtain
SH(E) 4 4
= 15VEHVU”L2 — 15¢ Hoe(d),

Therefore, energy balance ([L8]) implies the result.

7. Conclusions and further directions

In the last section, we would like to suggest several potential directions in which to expand the
study of (NSEJ) in order to make closer contact with physicists and with experimental observations.
Even the basic assertion (WADI) seems rather difficult to prove, but there are also a number of ques-
tions one can ask assuming (WADI) and statistical symmetry assumptions. Further, fairly reliable
data is available on structure functions of order p < 10 [50]; deducing further results assuming the
experimental data on these quantities is approximately accurate may also be a reasonable direction.
We expect decaying turbulence problems, that is, deterministic Navier-Stokes with random initial
data, to be significantly harder. Moreover, the initial data measures could add significant biases to
the statistics of the answers if not chosen in a natural way (if there exists a natural way at all). The
following is a list of open important problems related specifically to stationary martingale solutions

to (NSE).

1. Anomalous dissipation. By far, the most important question is the existence of suitable
stationary martingale solutions that satisfy (WADI) (at least). It is important to further answer
(affirmatively or negatively) whether or not such solutions are unique (in law).
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2. Quantitative regularity estimates. One can quantify estimates on the dissipation length
scale and the inertial range regularity via the growth rate of various norms as v — 0. In the physics
literature, quantities equivalent to the regularity E||u- 1 H’; ¢»/p for scaling exponents ¢, < p and

~YT p. 0o

p positive integers are traditionally consideredd. The statistical self-similarity assumed in K41
formally predicts that such norms are uniformly bounded as v — 0 for (, = p/3 for all p > 2,
however, experimental observations suggest that ¢» > 2/3 and (, < p/3 for p > 3. Due to the
difficulty of measuring higher moments, reliable data seems only available for moments p < 10 (see
e.g. [2)27.50] ). Other reasonable norms could be, for example, E|[e**)IV! <V>”u||’£g (or the Gevrey

analogues) where lim,_,0 A(v) = 0 provides an estimate of the dissipation length-scale and o an
estimate of the inertial range regularity. See for example the works of [25]44] which investigate
what estimates follow from parabolic regularity and the energy inequality. To our knowledge,
no estimates have been made on {u},., aside from those which follow from parabolic regularity
combined with the energy inequality.

3. Stochastic well-posedness at finite Reynolds numbers. Experimental measurements
of the 6-th order structure function [50] combined with e.g. [25] provides experimental evidence
that statistically stationary solutions to (NSEI) could be almost-surely C’? O for all v > 0
(provided the force is smooth in space); note this also implies the energy balance, condition (LS.
In particular, this would suggest that the Navier-Stokes equations are indeed the correct equations
with which to model turbulent fluids. Ergodicity, mixing, uniqueness and other similar properties of
such solutions are also very important; see [29H31] and the references therein for the corresponding
work on 2D Navier-Stokes.

4. Convex integration. It is extremely important to determine whether or not the A-principle
holds in the same regularity classes that {u},., could be uniformly bounded, e.g. in L?Bé/ ? (the

,O0
regularity class matched by the 4/5 law). Furthermore, it is important to determine if ‘wild’

solutions can be obtained via the inviscid limits of stationary solutions to (NSEI).

5. Statistical symmetry. It is important to understand under what conditions one can prove
statements such as the approximate isotropy in Definition Experimental evidence strongly
suggests that the flows are not statistically scale invariant in the inertial range in any sense; however,
one would want to determine under what conditions Parisi-Frisch multi-fractality [2728] and/or
Kolmogorov’s refined similarity hypotheses [38[47] can be verified in a mathematically rigorous
framework. See [8] for work in this direction.

6. Intermittency estimates. The flatness parameters

2
E|un|7a

(Ellun|32)

have been classically proposed as a measure of intermittency in both random and deterministic
fields [BL27]. Getting estimates on the growth of flatness parameters as N — oo and v — 0 will
be important. Recall that statistically self-similar fields, Gaussian fields, and white noise all have
bounded flatness parameters.

Fp(N) =

7. Inviscid limit. An important question is to determine whether or not we have the inviscid
limit ©¥ — u" where u? is a statistically stationary weak solution of the stochastically forced Euler
equations displaying a nonlinear energy flux balancing the input ¢ (see [1IL19] and the references
therein for nearly sharp conditions in the deterministic case).

2Here u>, denotes the Littlewood-Paley projection to frequencies 2 (;17 un denotes the Littlewood-Paley
projection to frequencies N/2 < - < 2N, and B o, = supycon || [V]® un|| 1 denotes the inhomogeneous Besov space).
It is classical that for s € (0,1) we have sup,c p(o,1) [B|™° [[onullLa + [[ull e =~ [[ullB; . -
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8. Colored-in-time noise. Eventually generalizing any results to cover at least colored-in-

time random noise would be desirable (e.g. replacing df; with an Ornstein-Uhlenbeck process).
See e.g. [39] for results in this direction regarding ergodicity and mixing.
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